Multifunctional LUV liposomes (mf-LIPs) were developed, having a curcumin-lipid ligand (TREG) with affinity towards amyloid species, together with ligands to target the transferrin and the LDL receptors of the bloodbrain-barrier (BBB), on their surface. mf-LIPs were evaluated for their brain targeting, on hCMEC/D3 monolayers, and for their ability to inhibit Aβ-peptide aggregation. The transport of mf-LIP across hCMEC/D3 monolayers was similar to that of BBB-LIPs, indicating that the presence of TREG on their surface does not reduce their brain targeting potential. Likewise, mf-LIP inhibitory effect on Aβ aggregation was similar to that of LIPs functionalized only with TREG, proving that the presence of brain targeting ligands does not reduce the functionality of the amyloid-specific ligand. Addition of the curcumin-lipid in some liposome types was found to enhance their integrity and reduce the effect of serum proteins on their interaction with brain endothelial cells. Finally, preliminary in vivo results confirm the in vitro findings. Concluding, the current results reveal the potential of the specific curcumin-lipid derivative as a component of multifunctional LIPs with efficient brain targeting capability, intended to act as a theragnostic system for AD.
Introduction
The blood-brain barrier (BBB) protects neurons and preserves the CNS, but at the same time prevents drug entry in the CNS (Pardridge, 2016) , generating a huge challenge for theragnosis of brain-located pathologies, as Alzheimer's disease (AD). Several non-invasive approaches using nano-particulate carriers have been proposed to overcome this challenge, and some have been successful to delivery higher amounts of drugs (compared to free drug) to the brain (Lalani et al., 2012; Wong et al., 2012; Aparicio-Blanco et al., 2016; Buchwald and Bodor, 2016; Fu et al., 2016; Gutkin et al., 2016; Nair et al., 2016; Saraiva et al., 2016; Tam et al., 2016; Zhang et al., 2016) . Recently, liposomes (LIPs) with one ligand to target the transferrin receptor and another to target the low-density-apolipoprotein receptor (LDLr), were demonstrated to have increased BBB targeting capability, compared to LIPs with one ligand .
The strategy of utilizing nanoparticulate systems decorated with more than one targeting ligands in order to enhance NP delivery to specific targets, has been successfully explored in several studies (Kibria et al., 2011; Kluza et al., 2012; Li et al., 2012; Bae et al., 2012; Gao et al., 2012) , and some types of NPs have been evaluated as theranostic carriers for Alzheimer's disease (AD) (Antimisiaris, 2014; Antimisiaris et al., 2014; Ma et al., 2015; Mourtas et al., 2014) . The classic neuropathological signs of Alzheimer's disease are amyloid deposits and neurofibrillary tangles, which consist of the protein fragment beta-amyloid (Aβ-peptides) and tau (a protein normally involved in maintaining the internal structure of the nerve cell), respectively. Most of the nanotechnologies designed for diagnosis and/or therapy of AD up-to-date target the amyloid deposits (Aβ peptide aggregates) (Antimisiaris et al., 2014) . Between the latter, liposomes with a lipid derivative of curcumin (TREG) immobilized on their surface were reported to have very high affinity for Aβ deposits and demonstrated a strong inhibitory action towards Aβ peptide aggregation (Taylor et al., 2011) . However, although the potential of such nanoformulations to interact with amyloid species was proven, and interesting results indicating their therapeutic potential were reported (Balducci et al., 2014; Bana et al., 2014) , not much is known about their capability to translocate across the BBB (Koffie et al., 2011; Rotman et al., 2015) . Particularly, it has not been studied if the co-presence of AD and BBB targeting ligands on the surface of such multifunctional LIPs affects the functionality of each ligand due to potential interactions between them.
In this context, we prepared herein multifunctional LIPs (mf-LIPs) having three ligands on their surface, by combining two LIP-types studied before; one with the curcumin derivative (TREG) , and another with high affinity for the BBB . Although such triple-ligand-decorated liposomes are structurally too complicated to be proposed as future therapeutic systems, we selected to use them herein in order to investigate potential interactions between ligands in a highly complicated formulation. Finally we evaluated if, and how, the co-presence of all the ligands on the surface of the mf-LIPs affects their ability to: (i) target the brain and, (ii) inhibit Aβ-peptide aggregation. For each function, the mf-LIPs were compared to the corresponding LIP-type with only one function. Fluorescence intensity (FI) of samples (when needed), was measured by a Shimatzu RF-1501 spectrofluoremeter, using EX-540/EM-590 nm for RHO detection, or EX-490 nm/EM-525 nm for FITC or calcein detection; in all cases 5 nm slits were used. A bath sonicator (Branson) and microtip-probe sonicator (Sonics and Materials) were used for liposome preparation. Bio-fluorescence imaging was done on a PerkinElmer IVIS Spectrum.
Materials and Methods
1,2-distearoyl-sn-glycerol-3-phosphatidylcholine (DSPC), 1,2-distearoyl-sn-glycerol-3-phosphoethanolamine-N-[methoxy (polyethyleneglycol)-2000] [PEG-lipid], 1,2-distearoyl-sn-glycero- 3-phosphoethanolamine-N-[
Synthesis and Characterization of ApoE Peptides
An automated peptide synthesizer (Applied Biosystems) at 0.1 mM scale was used for the synthesis of human ApoE peptide (141-150), as previously described in detail . The peptides were synthesized to have a tryptophan residue at the C-terminal utilized for fluorescence detection, and a cysteine residue at the N-terminal utilized for immobilization on the surface of PEG-MAL functionalized LIPs. Fractions containing purified peptides were lyophilized and stored at − 20°C, until their use.
Synthesis and Characterization of TREG-lipid
For the synthesis of TREG-lipid (see Supplementary Data, and Scheme S1) an updated scaled-up procedure was developed after appropriate modifications of the method described before (Markoutsa et al., 2015) .
Selection of Methodology for mf-LIP Preparation
The different types of liposomes used in the current study are presented in Scheme 1. An optimal methodology to formulate mf-LIPs was developed, after testing different techniques/protocols for attachment of the three ligands on the same vesicle. Two main methods, briefly described below, were tested and the best was selected based on: (i) The attachment yields of the ligands; (ii) The LIP production yield (percent of lipid in mf-LIP in respect to the total amount of lipid used), and (iii) The size distribution of the mf-LIPs. For more details see Supplementary Data.
Method 1 (M1)
TREG was attached on the surface of pre-formed LIPs by a click method, as previously described . Since two additional ligands were planned to be added on the LIP surface (TfR-Mab and ApoE), the pre-formed liposomes had appropriate amounts of maleimide groups on their surface (added as PEG-MAL in their lipid membrane). For attachment of the three ligands, two different protocols were followed. In the first (M1.1), the pre-formed LIPs were incubated with both thiolated-TfR-Mab and ApoE, as previously reported , and after purification from non-attached ligands by gel filtration (Sepharose4B-CL), the click reaction was carried out for TREG attachment (Mab-ApoE-TREG-LIPs).
In the second protocol (M1.2), the click reaction preceded the attachment of the two brain-targeting ligands and after extensive dialysis (to remove the non-reacted curcumin derivative) the sample was incubated with the TfR-Mab and the ApoE-peptide, and finally purified (from non-attached ligands) (TREG-Mab-ApoE-LIPs).
In all cases, pre-formed liposomes consisted of DSPC/Chol/PEG-lipid/ PEG-MAL/PEG-N 3 (at 2:1:0.16:0.002 or 0.004:0.2 mol fractions) were formulated by the thin-film hydration technique. For this, appropriate amounts of lipids were dissolved in a CHCl 3 /CH 3 OH (2/1 v/v) mixture, and the organic solvents were evaporated forming a thin lipid film. The lipid-film was hydrated with PBS pH 7.4 (or FITC or calcein), to produce a liposome dispersion. In some cases, DIR or RHO was added in the lipid phase. Liposome size was reduced by probe sonication, until the liposome dispersions became translucent.
Method 2 (M2)
TREG was initially incorporated in the LIP lipid membrane, after synthesizing a TREG-lipid conjugate (Markoutsa et al., 2015) (see Scheme S1, Supplementary Data). The pre-formed TREG decorated liposomes incorporated the appropriate amounts of PEG-MAL for Mab and ApoE attachment, which was carried out in a second step, as described before . In more detail, DSPC/Chol/PEG-lipid/PEG-Mal/ TREG-lipid (2:1:0.16:0.002-0.004:0.2) TREG-LIPs were prepared, and thiolated-Mab together with ApoE were co-incubated with them overnight at 25°C. Finally, non-attached fractions of Mab and ApoE were removed from LIPs by ultracentrifugation at 40,000 rpm for 2 × 30 min.
Physicochemical Characterization of mf-LIPs

Ligand Attachment and Production Yield
For calculation of ligand attachment: (i) The Mab attachment yield was calculated following purification of LIPs from non-attached Mab, by an Elisa technique, as previously described (Markoutsa et al., 2011 (Markoutsa et al., , 2012 . (ii) The ApoE attachment yield was measured by the fluorescence intensity (λ ex = 280 nm; λ em = 350 nm) of the peptide, using known amounts of peptides dissolved in buffer for calculation of peptide concentration Markoutsa et al., 2014) . (iii) The quantification of TREG in purified liposomal dispersions was achieved by HPLC (Shimatzu, LC20) performed with a Lichrosphere100 RP-18 5 μm column, eluted with CHCl 3 /MeOH (9:1) with 0.08% TFA as mobile phase, at 1 ml/min.
The production yield, which is the percent of mf-LIP lipid compared to the initial total amount of lipid used, was calculated by measuring the exact lipid amount in the initial lipid mixture used for liposome preparation and in the mf-LIP dispersions, by the Stewart assay (Stewart, 1980) .
LIP Size Distribution and z-Potential
Particle size distribution was measured by dynamic light scattering (DLS) (Malvern Nano-zeta) at 25°C and at an angle of 173°, in diluted (0.4 mg/ml) LIP dispersions, using 10 mM PBS, pH 7.40. The ζ-potential of LIPs was measured at 25°C by the same instrument, utilizing the Doppler electrophoresis technique.
LIP Integrity Studies
LIP integrity was evaluated by measuring the retention of vesicleentrapped calcein or membrane-associated DiR, during incubation in buffer or FCS (80% w/w) for 48 h at 37°C, at a lipid concentration of 1 mg/ml. Calcein latency and retention was measured at selected time points, as reported before (Kokona et al., 2000) . In the case of DiR-loaded vesicles, the retention of DiR was measured (at selected time points) by drawing 100 uL samples from incubation tubes, placing the samples in 96 well plates, and acquiring bio-fluorescence images of the plates on an IVIS Lumina II imager (Perkin Elmer, Santa Clara, CA), using excitation/emission wavelengths to detect DiR (EX: 710-760 nm; EM: 810-875 nm). Images were analyzed by Living Image v4.2 software (Perkin Elmer, Santa Clara, CA) and specific regions of interest (SOPs) for each well plate were created and were superimposed over all images acquired (during different time-points), in a uniform fashion. Subsequently, photon fluxes within these regions were measured and compared between the different time points, after subtraction of photon fluxes measured for empty plates (blank). DiR retention was calculated from each photon flux value, as the percent of the value measured for the same sample at time 0.
Inhibition of Aβ1-42 Peptide Aggregation by mf-LIPs
The thioflavin-T assay was performed on de-seeded Aβ1-42 peptides (Manzoni et al., 2009; Markoutsa et al., 2015) . In brief, 2 mg aliquots of recombinant Aβ1-42 peptides (kindly provided by MarioNegri Institute, Milan, IT) were dissolved in 0.5 ml of trifluoroacetic acid/thioanisole 95.5:4.5 (v/v) and kept on ice for 60 min. After that, 167 ml of pure ice-cold formic acid were added, and the mixture was vortexed and kept in an ice bath for another 20 min. Peptides were collected by centrifugation (15 min, 13,000 rpm), and then they were redissolved in H 2 O/acetonitrile 50:50 (v/v) and lyophilized. Age reversed peptides were used immediately. The Thioflavin T assay was conducted in clear-bottom 96-well microtiter plates. For this, LIPs (40 mM), Aβ1-42 peptides (25 mM), and thioflavin-T (15 mM) were placed in a final volume of 100 μl of PBS (10 mM, pH 7.4), and aggregation was monitored at 30°C over a period of 96 h by measuring thioflavin-T fluorescence every 24 h (TECAN InfiniTE-M200 plate reader [EX-450 nm, EM-482 nm]).
Brain Targeting Potential of mf-LIPs
Immortalized human brain capillary endothelial cells (hCMEC/D3) (passage 25-35) were used as a cellular model of the BBB (Markoutsa et al., 2011 (Markoutsa et al., , 2012 . The cell line was obtained under license from Institut National de la Santé et de la Recherche Médicale (INSERM, Paris, France). Cells were seeded at 200,000 cells per insert (40,000-50,000 cells/cm 2 ); 37°C in 5% CO 2 and grown in EndoGROTH-MV Complete Culture Media Kit® (Millipore #SCME004) supplemented with -bFGF: human Basic Fibroblast Growth Factor (Sigma, #F0291), Penicillin, 10,000 units and Streptomycin, 10,000 μg/ml (Life technologies, #15140-122). The cells were cultured at 37°C and 5% CO 2 saturated humidity. All culture ware were coated with Cultrex® Rat Collagen I lower viscosity (R&D Systems, Trevigen, #3443-100-01) for 1 h, and then washed with PBS and replaced with complete culture medium. Medium was changed every 2-3 days.
Cell Uptake Studies
FITC-dextran-containing vesicles were incubated with confluent monolayers of hCMEC/D3 cells (200 nmoles liposomal lipid/10 6 cells) in medium containing 5% (v/v) FCS, at 37°C for 60 min, then washed in ice-cold PBS (× 3), detached from plates, re-suspended in PBS and assayed for FITC-FI (after cell lysis in 2% Triton X-100). Cell auto fluorescence was always subtracted. Control experiments were carried out with free FITC-dextran at similar amounts with those encapsulated in the LIPs, in order to exclude the possibility of uptake of dye that leaks out from LIPs; the FI values measured in the control experiments were null. In a second set of experiments the uptake of LIPs was evaluated in presence of cell medium that was supplemented with increased amounts of FCS (20% and 50% v/v) . All other conditions were kept constant.
Cell-monolayer Permeation Studies
Cell monolayers were developed by seeding hCMEC/D3 cells on type I collagen pre-coated Culture inserts (Corning #3450 6-multiwell PET plates with 0.4 μm porosity) at a density of 4-5 × 10 4 cells/cm 2 . Medium was changed at day 3, and transport assays were performed 6-7 days after seeding, when the Trans-Endothelial Electrical Resistance (TEER) reached a plateau value; 24 h before each experiment, the cell medium was replaced with fresh medium containing 1 nM simvastatin. Monolayer integrity was periodically inspected with a microscope and the TEER was monitored by a Millicell ERS-2 (Millipore). The monolayer quality was confirmed by measuring LY permeability, as described before (Markoutsa et al., 2011) . Transport experiments were conducted in HBSS (PBS + MgCl 2 and CaCl 2 ) supplemented with 10 mM HEPES and 1 mM sodium pyruvate. Transport was estimated after placing LIPs (labeled with RHO, or with DiR) on the upper side of monolayers (200 nmoles lipid/well) and measuring RHO or DiR-FI. FITC was not used for measurement of LIP-transport, since the size of liposomes was recently demonstrated to influence their transport across hCMEC/ D3 monolayers (Papadia et al., 2016) , and size of FITC-entrapping LIPs with TREG-lipid in their membrane were substantially larger compared to the LIPs without TREG, which were used as controls. In all cases LY permeability was calculated simultaneously with LIP transport, to ensure that the vesicles did not disrupt the barrier, enhancing paracellular transport.
Cytotoxicity Assay
The cytotoxicity of TREG-LIPs and mf-LIPs towards hCMEC/D3 and HEK cells (Human embryonic kidney cells 293) was evaluated by the MTT assay . For this, HEK cells were cultured in RPMI 1640 medium with 5% (v/v) FCS at 37°C and 5% CO 2 saturated humidity. BBB-LIPs were not studied, since they were previously found to be non-cytotoxic when incubated with hCMEC/D3 under identical conditions (with those applying in the current studies) .
Preliminary In Vivo Brain Distribution Study
A preliminary in vivo live animal imaging experiment was carried out, to compare brain distribution of mf-LIPs and BBB-LIPs, both incorporating DiR, in FVB mice. FVB mice, chosen for their white skin and fur that permits enhanced light penetrance, were purchased from Hellenic Pasteur Institute (Athens, Greece) and bred at the Center for Animal Models of Disease, University of Patras, Faculty of Medicine (Rio, Greece). Animal care and experimental procedures were approved by the Veterinary Administration Bureau of the Prefecture of Achaia, Greece, and were conducted according to European Union Directive 86/609/EEC for animal experiments (http://ec.europa.eu/ environment/chemicals/lab_animals/legislation_en.htm). Mice used for experiments were sex-, weight (20-25 g)-, and age (6-8 weeks)-matched, and randomly allocated to treatment with 0.05 mg of each LIP-type/mouse, via tail vein injection (n = 3-5 mice/group). Bio-fluorescence imaging of living mice was done on an IVIS Lumina II imager (Perkin Elmer, Santa Clara, CA). At specific time points, mice were anesthetized using isoflurane and serially imaged, using excitation/emission wavelengths to detect DiR (excitation: 710-760 nm; emission: 810-875 nm). Images were acquired and analyzed using Living Image v4.2 software (Perkin Elmer, Santa Clara, CA). In detail, brain specific regions of interest were created and superimposed over all images acquired in a uniform fashion. Subsequently, photon flux within these regions was measured and compared between mice receiving different treatments. Brain DiR signals were normalized to DiR dose. The latter was measured by placing the specific amount injected in a well of a 96-well plate and measuring the biofluorescence signal of the DiR in the same way as measured in the animals (identical size of ROIs were used for the different formulations).
Statistical Analysis
All results are expressed as mean ± SD from at least three independent experiments. The significance of variability between results from various groups was determined by two-way-ANOVA, and individual differences between groups were tested by Tukey's multiple comparisons test (SPSS Statistics, 2.4, IBM).
Results
Selection of Optimized Methodology for mf-LIPs
As seen in the results presented in Table 1 , the attachment of TREG on LIPs by Method 2 (pre-synthesis of the TREG-lipid conjugate), resulted in a dramatic increase in lipid recovery compared to Method 1. Furthermore, the LIPs formulated by Method 2 had mean diameters below 200 nm, and good attachment yields for all three ligands (TREG: 89.3 ± 1.2%; TfR-Mab: 67.3 ± 8.0; ApoE: 86.7 ± 7.8), thus Method 2 was used for preparation of mf-LIPs. The LIP-attachment yields for Mab and ApoE on mf-LIPs (prepared by Method 2) were similar to those reported earlier for the BBB-targeted LIPs , suggesting that the incorporation of the TREG in the liposome bilayer did not prevent the immobilization of the two additional ligands via MAL-thiol interaction.
Physicochemical Properties and Integrity of mf-LIPs
The mean diameters of all LIPs used (in in vitro and in vivo experiments) were below 155 nm, as seen in Table 2 . mf-LIPs were slightly larger compared to all other LIP types (PEG-LIPs, BBB-LIPs and TREGLIPs), which is logical due to the presence of three ligands on their surface. BBB-LIPs and mf-LIPs with surface densities of BBB-targeting ligands equal to 0.1 mol% (MONO density) and 0.2 mol% (DOUBLE density), were constructed. As expected, the DOUBLE density LIPs were slightly larger (their mean diameter was increased by 14-29%) compared to the corresponding MONO density LIPs. In all cases, the polydispersity index (PDI) was low (compared to usual values measured in liposome dispersions) ( Table 2) .
In terms of morphology, BBB-LIPs were previously found to be unilamellar, by Transmission Electron Microscopy observation , while a similar morphology was observed for mf-LIPs (not shown).
The integrity of mf-LIPs was evaluated during incubation in absence (PBS) and presence of serum proteins (80% of FCS v/v) and compared to that of TREG-LIPs (Fig. 1.A) and BBB-LIPs (Fig. 1.B) . As seen in Fig. 1 .A the retention of calcein, a small-molecule hydrophilic dye, in both LIP-types is very high when they are incubated in buffer, however there is a gradual release of the dye from the vesicles when they are incubated in presence of serum proteins (fetal calf serum, FCS), especially after 24 h. Furthermore, the integrity of DOUBLE density vesicles is lower compared to that of corresponding MONO density vesicles, for both, mfLIPs ( Fig. 1.A) and BBB-LIPs (Fig. 1.B) . The integrity of MONO density mf-LIPs and BBB-LIPs in FCS is similar, suggesting that the presence of TREG-lipid in the lipid-bilayer does not affect the vesicle integrity. In fact 24 h post-incubation, calcein retention is higher in DOUBLE density mf-LIPs (69.6 ± 5.4%) compared to the corresponding BBB-LIPs (49 ± 11%), indicating that the inclusion of TREG-lipid in the lipid-membrane may have a stabilizing effect on the vesicles (at least in respect to the leakage of vesicle-entrapped calcein). As seen in Fig. 1 .C, a similar behavior is observed for DiR retention in DOUBLE density mf-LIPs and BBB-LIPs.
Inhibition of Aβ1-42 Aggregation by mf-LIPs
mf-LIPs were demonstrated to inhibit Aβ1-42 peptide aggregation, while the corresponding (control) PEG-LIPs, with no amyloid-specific ligands on their surface, did not acquire any effect on the rate or extent of peptide aggregation (Fig. 2) , as reported earlier (Markoutsa et al., 2015) . When comparing the extent of peptide aggregation in presence of TREG-LIPs and mf-LIPs it is seen that although the effect of mf-LIPs on peptide aggregation is initiated after 48 h, after 96 h of co-incubation both vesicle types completely inhibit Aβ-peptide aggregation. This finding indicates that the co-presence of the two BBB-targeting ligands on the surface of mf-LIPs does not reduce the functionality of the curcumin-lipid derivative to inhibit Aβ-peptide aggregation.
BBB Targeting Potential of mf-LIPs (In Vitro)
Cytotoxicity of mf-LIPs
PEG-LIPs and BBB-LIPs have been previously reported to be non-cytotoxic. TREG-LIPs and mf-LIPs were tested for their cytotoxicity towards hCMEC/D3 and HEK cells (by the MTT assay) when coincubated with cells for 24 h, at similar concentrations with those used in the LIP/cell interaction studies. Results indicate that both LIPtypes are non-cytotoxic, opposed to Triton X-100 (1% w/w) which is used as a positive control (Fig. 3) .
Uptake of mf-LIPs by hCMEC/D3 Cells
The uptake of mf-LIPs by hCMEC/D3 cells is slightly lower (~15%) than the uptake of BBB-LIPs, indicating that the co-presence of TREG in the bilayer of BBB-LIPs may cause a slight reduction on their braintargeting capability (Fig. 4.A) . Uptake values of BBB-LIPs and PEG-LIPs are similar to those reported before . Interestingly, the uptake of TREG-LIPs by hCMEC/D3 cells is 1.94 times higher than that of PEG-LIPs, although TREG-LIPs do not have any BBB targeting ligand on their surface. A similar BBB-targeting effect was also observed before in another type of amyloid-targeting LIPs, and was proven to implicate the RAGE transporter which is responsible for the transport of amyloid peptides from the blood to the brain (Markoutsa et al., 2012) .
Previously, it was demonstrated that the uptake of different braintargeted-LIPs by hCMEC/D3 cells was affected in a different way, when the uptake experiment was carried out in presence of serum proteins (20%-50% v/v FCS). In order to see how the addition of TREG in the membrane of the various types of brain-targeted-LIPs, affects their uptake by hCMEC/D3 cells under such conditions, we measured the uptake of ApoE-LIPs, ApoE+TREG-LIPs, BBB-LIPs and mf-LIPs in cell culture medium containing 20% and 50% (v/v) FCS. As demonstrated in Fig. 4 .B, while the uptake of BBB-LIPs was significantly reduced (P = 0.013) when FCS concentration was increased from 5 to 50%, in agreement with previous results , the effect of serum proteins on the uptake of mf-LIPs is null. The later result suggests that the addition of TREG in the bilayer of BBB-LIPs modulates their surface and minimizes their interaction with serum proteins (or at least with those proteins that are implicated in reduced uptake of LIPs by targeted cells). In fact, the previous suggestion is additionally supported by the increased integrity (during incubation in presence of FCS) of mf-LIPs, compared to BBB-LIPs, demonstrated by the calcein retention experiments ( Fig. 1.C) .
In order to test the above theory, the effect of adding TREG on the surface of ApoE-LIPs was studied. ApoE-LIPs were selected, since their uptake by hCMEC/D3 cells was previously found to be highly affected by serum proteins . ApoE+TREG-LIPs were prepared (by the same method applied for mf-LIP preparation), and interestingly their uptake by hCMEC/D3 cells was not modified by the presence of serum proteins although the uptake of ApoE-LIPs was reduced by 59% as FCS increased from 5% to 50% v/v, in-line with previous findings , suggesting that the addition of TREG in the bilayer of ApoE-LIPs modulates their surface and minimizes their interaction with serum proteins (Fig. 4.C) , as seen for BBB-LIPs.
Transport of mf-LIPs Across hCMEC/D3 Monolayers
The trans-endothelial electrical resistance (TEER) of the monolayer (after simvastatin treatment and before the experiment) was 61.0 ± 3.9 Ω cm 2 and 59.8 ± 3.2 Ω cm 2 after the experiment, while LY permeability was 1.103 × 10 − 3 ± 1.18 × 10 − 4 cm/min; all values in good agreement with previous reports (Poller et al., 2008; Markoutsa et al., 2011 Markoutsa et al., , 2014 . LY permeability was also measured concurrently with LIP transport, and no significant differences were detected in any case, proving that monolayer permeability was not affected by any of the LIP-types tested. As seen in Fig. 5 for all LIP types there is a gradual increase in transport of LIP-associated RHO, with time. The permeability values calculated from the transport results were 3.01 × 10 −5 ± 0.59 × 10 −5 cm/min for PEG-LIPs; 5.78 × 10 −5 ± 0.58 × 10 − 5 cm/min for TREG LIPs;
19.03 × 10 −5 ± 2.8 × 10 −5 cm/min for BBB-LIPs and 25.1 × 10 −5 ± 3.2 × 10 − 5 cm/min for mf-LIPs. The permeability values of PEG-LIPs and BBB-LIPs are similar with those reported before (Markoutsa et al., 2012 . TREG-LIP permeability is approx. 2 times higher than PEG-LIP permeability, while mf-LIP permeability is slightly higher than that of BBB-LIPs, but the difference is not statistically significant (P = 0.054). In fact, when the transport values of MONO density and DOUBLE density mf-LIPs are compared with the values of corresponding BBBLIPs (Fig. 5 .B), they overlap in both cases. Thereby, it is concluded that the addition of TREG in the membrane of BBB-LIPs does not affect their potential to translocate across the BBB. a Liposome size was too big to measure with DLS and the lipid recovery was b10%. b Attachment yields were calculated as % attached/lipid and thereby in samples where lipid recovery was very low (b10%) the amounts measured were very low, so the values may not be accurate.
Table 2
Physicochemical properties of mf-LIPs and the various LIPs constructed to be used as controls. As control LIPs, plain LIPs with only PEG and no ligands on their surface (PEG-LIP), LIPs with only TREG-lipid (TREG-LIPs) and LIPs with only the two brain-targeting ligands (BBB-LIPs), were used. BBB-LIPs and mf-LIPs with 0.1 or 0.2 (mole %) concentration of BBB-targeting ligands were constructed and are referred to as MONO or DOUBLE density LIPs, respectively. Size distribution [mean hydrodynamic diameter and polydispersity index (PDI)] and zeta-potential values reported, are mean values from at least 4 different preparations.
LIP Type Mean hydrodynamic diameter (nm)
PEG-LIPs 105.6 ± 5.7 0.125 ± 0.019 −2.47 ± 0.523 TREG-LIPs 111.8 ± 2.5 0.270 ± 0.062 −3.27 ± 0.148 BBB-LIPs (mono) 111.9 ± 3.8 0.172 ± 0.045 −3.01 ± 0.72 mf-LIPs (mono) 136 ± 18 0.131 ± 0.054 −3.71 ± 0.72 BBB-LIPs (double) 145 ± 13 0.205 ± 0.045 −3.35 ± 0.44 mf-LIPs (double) 155 ± 30 0.213 ± 0.055 −3.31 ± 1.51
When compared with results from other studies in which the same cellular model of BBB is used, the permeability results obtained herein for BBB-LIPs and mf-LIPs are up to five times higher than those reported for non-targeted and targeted (with anti-PECAN-1 antibody) iron oxide NPs, which were between 2.4 × 10 −5 and 4.2 × 10 −5 cm/min, when transport was studied over a 6 hour period (Dan et al., 2013) . Liposomes having the anti-TfR Mab on their surface were tested on hCMEC/D3 monolayers before (Salvati et al., 2013b) , and a much lower permeability value, approx. 8 × 10 −6 cm/min, was calculated over 2 h of incubation. This value is N20 times lower compared to the permeability of BBB-LIPs obtained herein. In addition to the fact that BBB-LIPs have two brain-specific ligands on their surface, the substantial difference in permeability values between the previous study and our study, is most probably also connected with the fact that the previous liposomes had a different lipid composition, which conferred a highly negative surface charge. In another study, when 50 nm SiO 2 nanoparticles were tested for 4 h, 3.6% of the initial mass reached the basal chamber of the hCMEC/D3 monolayer system, while the value was 1.7% and 1.1% for 100 nm and 200 nm SiO 2 nanoparticles, respectively (Ye et al., 2013) .
The latter values are similar to the (% transport) values measured in the cases of the non-targeted LIPs used herein, when taking into account their size and the fact that our studies were carried out over a 2 hour period.
Preliminary In Vivo Study
In Fig. 6 the brain signals for DiR, measured at various time points, post-injection of 0.05 mg/animal of mf-LIPs or BBB-LIPs, are shown, expressed as DiR signals (in Photons/s) (A) or normalized for the injected DiR dose (B). LIP with DOUBLE surface-density of the braintargeting ligands, were used. As seen, despite the slightly higher signals measured after mf-LIP injection (compared to the DiR signal of BBBLIPs), there are no statistically significant differences in head-DiR signals between mf-LIPs and BBB-LIPs (P = 0.9635), suggesting that the Each value is the mean of 3 samples, and bars represent SDs of mean. Asterisks denote significant differences between specified samples (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001). Fig. 2 . Aggregation of Aβ1-42 peptides, measured as relative Thioflavin FI (ThT assay) during a 96 h time course in absence and presence of various types of LIPs. Plain PEGLIPs were used as control vesicles; TREG-LIPs and mf-LIPs were compared for their capability to inhibit Aβ1-42 aggregation. Each value is the mean value calculated from at least 3 different experiments and SD values are presented as bars. Asterisks denote significant differences between specified samples (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001). 
Discussion
Multifunctional liposomes (mf-LIPs) with both amyloid and BBB affinity, consisting of a curcumin-derivative referred to as TREG Taylor et al., 2011) and two BBB-targeting ligands , were prepared in order to evaluate the effect of the co-presence of different ligands on their functionalities. Initially, an optimal methodology was identified for the preparation of sufficiently stable vesicles, which were subsequently evaluated for their capability to: (i) inhibit Aβ-peptide aggregation and (ii) target the BBB. The BBB-LIPs used herein, were previously demonstrated to have significantly higher capability to target the BBB, compared to PEG-LIPs (in vitro, in vivo and ex-vivo) .
From the in vitro studies performed, it is concluded that: (i) The copresence of TREG with the BBB targeting ligands (TfR-Mab and ApoE) on the surface of mf-LIPs does not prevent the interaction between TREG and Aβ-peptides (when mf-LIPs are incubated with Aβ-peptides) and complete inhibition of peptide aggregation is achieved (equivalent to that achieved by plain TREG-LIPs) (Fig. 2) . This result is particularly important since other mf-liposomes that were decorated with another curcumin-lipid derivative, referred to as DPS-curcumin (Lazar et al., 2013) were found to loss a significant percent of their capability to inhibit Aβ-peptide aggregation when only one BBB-targeting ligand (the same TfR-Mab used in the current study) was added on their surface . (ii) TREG-LIPs demonstrate increased uptake by hCMEC/D3 cells (Fig. 4) and increased transport across cell monolayers (Fig. 5) compared to control LIPs, suggesting a potential involvement of the RAGE transporter on their translocation across the BBB, as proven before for other LIPs with affinity for Aβ peptides (Markoutsa et al., 2012) . (iii) mf-LIPs and BBB-LIPs seem to have similar capability to be translocated across the BBB, suggesting that the brain-targeting ligands are still functional in the presence of TREG, or that perhaps the ability of TREG to enhance the translocation of vesicles across the BBB (via the RAGE transporter) overrules any potential decrease of BBB-specific ligand functionality, which may be caused by the co-presence of TREG on the vesicle surface (Fig. 5) .
The uptake of mf-LIPs by hCMEC/D3 was demonstrated to be slightly lower (by~15%) compared to that of BBB-LIPs. In order to exploit the later results in light of previous reports about the effect of serum proteins on targeted nanoformulations (Salvati et al., 2013a (Salvati et al., , 2013b Markoutsa et al., 2014) , the uptake of LIPs by hCMEC/D3 cells was additionally evaluated in the presence of increased concentrations of serum proteins (20-50% v/v) . As demonstrated in Fig. 4 .B, although the uptake of BBB-LIPs by hCMEC/D3 cells gradually decreases when the experiment is carried out in presence of increasing concentrations of serum proteins (in agreement with previous results), the uptake of mf-LIPs is not affected. In the same context, although ApoE-LIP uptake by hCMEC/D3 cells was highly affected by serum proteins which was also confirmed in this study, when TREG is added on ApoE-LIPs, the effect of serum proteins on their cellular uptake is diminished (Fig. 4.C) . The two later results suggest a potential role of TREG in lowering the involvement of serum proteins on the interaction between targeted-LIPs and cells. The effect of TREG on reducing potential interactions between LIPs and serum proteins may also be connected with the increased integrity demonstrated for mf-LIPs compared to BBB-LIPs during their incubation in presence of FCS (Fig. 1) , although 5%, 20% and 50%) . In the case of BBB-LIPs and mf-LIPs the 0.1 mol% density (MONO) of the BBB-specific ligands was used. Each result is the mean of at least 6 different samples and the corresponding SD of the means are added as bars. Asterisks denote significant differences between specified samples (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001). Each value is the mean of at least 3 experiments. 200 nmoles of lipid from each LIP-type were added per well, and the percent of LIP-associated RHO transported across the monolayer was measured at various time points up to 2 h. Asterisks denote significant differences between specified samples (*P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001).
we cannot at this point suggest potential explanations about the specific mechanisms involved. Nevertheless, based on the previously reported theory , mf-LIPs are expected to have similar in vivo brain targeting capability compared to BBB-LIPs; which is in good agreement with the results of the preliminary live animal imaging in vivo study (Fig. 6) ; more in vivo studies are currently underway. Concluding, the capability of multifunctional liposomes (mf-LIPs) to inhibit amyloid peptide aggregation and also efficiently target the BBB, was demonstrated for the first time with liposomes that are functionalized with a curcumin-lipid derivative (as a ligand to increase their affinity towards amyloid species). Despite the complexity of the mf-LIPs tested herein, it was demonstrated that such formulations can be stable under similar conditions to those applying in vivo, and furthermore that the TREG curcumin derivative retains its functionality and at the same time does not reduce the functionality of BBB-specific ligands, when they are all immobilized on the surface of the same vesicle.
The current findings are particularly important due to the lack of widespread BBB disruption in AD, which was recently demonstrated in AD mice-models (Bien-Ly et al., 2015; Zhang et al., 2014) . In accordance, any nanotechnology developed as an AD theragnostic system is required to be efficiently translocated across the BBB.
